ATP is a widely used extracellular signaling molecule. The mechanism of ATP release from cells is presently unresolved and may be either vesicular or channel-mediated. Erythrocytes release ATP in response to low oxygen or to shear stress. In the absence of vesicles, the release has to be through channels. Erythrocytes do not form gap junctions. Yet, here we show with immunohistochemical and electrophysiological data that erythrocytes express the gap junction protein pannexin 1. This protein, in addition to forming gap junction channels in paired oocytes, can also form a mechanosensitive and ATP-permeable channel in the nonjunctional plasma membrane. Consistent with a role of pannexin 1 as an ATP release channel, ATP release by erythrocytes was attenuated by the gap junction blocker carbenoxolone. Furthermore, under conditions of ATP release, erythrocytes took up fluorescent tracer molecules permeant to gap junction channels.
ATP is a widely used extracellular signaling molecule. The mechanism of ATP release from cells is presently unresolved and may be either vesicular or channel-mediated. Erythrocytes release ATP in response to low oxygen or to shear stress. In the absence of vesicles, the release has to be through channels. Erythrocytes do not form gap junctions. Yet, here we show with immunohistochemical and electrophysiological data that erythrocytes express the gap junction protein pannexin 1. This protein, in addition to forming gap junction channels in paired oocytes, can also form a mechanosensitive and ATP-permeable channel in the nonjunctional plasma membrane. Consistent with a role of pannexin 1 as an ATP release channel, ATP release by erythrocytes was attenuated by the gap junction blocker carbenoxolone. Furthermore, under conditions of ATP release, erythrocytes took up fluorescent tracer molecules permeant to gap junction channels.
ATP release ͉ gap junction ͉ hemichannel ͉ dye uptake P annexins represent a recently discovered second family of gap junction proteins in vertebrates (1) . Pannexins have no sequence homology with the well known connexin family of vertebrate gap junction proteins. Instead, they are related to innexins, which were originally considered to be exclusively invertebrate gap junction proteins. The functional role of pannexins is unknown. The existence of connexin-specific diseases, despite an overlap of connexin and pannexin expression, suggests a functional role of pannexins that is distinct from that of connexins. Pannexin 1, in addition to forming gap junctions in paired oocytes, also forms nonjunctional membrane channels that provide a passageway from the cytoplasm to the extracellular space for molecules in the size range of second messengers (2, 3) . It can be hypothesized that the physiological role of pannexin 1 is formation of a nonjunctional membrane channel.
Although the role of ATP as an extracellular signaling molecule is well recognized (4), the release mechanism for ATP from cells to the extracellular space has remained enigmatic. Two general release modes have been proposed: (i) vesicular release akin to the exocytotic release of transmitters and (ii) channel-mediated release. Although vesicular ATP release is well documented (5, 6) , it cannot account for all of the ATP release phenomena. In particular, ATP is released from erythrocytes, which, under physiological conditions, are vesicle-free (7). Various channels have been implicated in the process, including CFTR (cystic fibrosis transmembrane conductance regulator), connexin 43 (Cx43) hemichannels, a volumeregulated channel (VRAC), and the purinergic receptor P2X7 (5, 6, (8) (9) (10) (11) . However, the evidence for their involvement falls short because of questionable specificity of the pharmacological blockers used to determine channel identity.
Mechanical stress is a prime stimulus for ATP release in many cell types, including erythrocytes (12) . An efficient release mechanism thus may involve a channel that is both mechanosensitive and permeable for ATP. Pannexin 1 fulfills these specifications; it forms a stress-sensitive, ATP-permeable channel when expressed in Xenopus oocytes (3). Furthermore, pannexin 1 channels can be activated by extracellular ATP when coexpressed with P2Y receptors (13) . Thus, pannexin channels could mediate ATP-induced ATP release, which is observed in several cell types, including erythrocytes (14) . Here, we show that erythrocytes express the gap junction protein pannexin 1, although these cells do not form gap junctions.
Results

Expression of Pannexin 1 in Erythrocytes.
To test whether pannexin 1 could be a physiological ATP release channel, we examined its expression and function in human erythrocytes. Custom-made chicken antibodies (Aves Labs, Tigard, OR) were used to test expression. Antibody 4512 was directed against a peptide sequence contained in the putative first extracellular loop of pannexin 1. Antibody 4515 was directed against carboxylterminal amino acids. When the ''extracellular loop'' antibody was applied to intact erythrocytes and reacted with a fluorescent secondary antibody, intense staining was visible on the erythrocyte surface, indicating an extracellular localization of the antigen ( Fig. 1 A and B) . To verify that the antibody interacts with pannexin 1, it was applied extracellularly to intact Xenopus oocytes. As shown in Fig. 1 C and D, fluorescent label was found on oocytes only when pannexin 1 was exogenously expressed. Application of the antibody to uninjected oocytes failed to induce a fluorescent signal. Similarly, no staining was detected in pannexin 1-expressing oocytes with preimmune serum, indicating a specific interaction of the antibody with the pannexin 1 epitope. The ''COOH'' antibody 4515 labeled oocytes only after cryosectioning, suggesting a cytoplasmic localization of the carboxyl terminus of pannexin 1 ( Fig. 1E ; see also Fig. 6 , which is published as supporting information on the PNAS web site).
As an independent test for pannexin 1 expression in erythrocytes, a cDNA library of human bone marrow was tested for pannexin 1-specific sequences by PCR. Fig. 1F shows that, indeed, an amplicon of appropriate size was produced. Sequencing of the PCR product verified its pannexin 1 identity (Fig. 7 , which is published as supporting information on the PNAS web site). Western blots of erythrocyte membranes with either antibody revealed a band of appropriate size for pannexin 1 monomer (Fig. 1G) . In support of antibody specificity, Western blots of Xenopus oocyte lysates with antibody 4515 yielded unique bands in pannexin 1 mRNA-injected oocytes (Fig. 8 , which is published as supporting information on the PNAS web site).
Cx43 has been shown to exhibit hemichannel activity, although only under extreme conditions (15) . Cx43 is expressed during hematopoiesis (16) . Because Cx43 hemichannels have been proposed to act as ATP release channels, we tested whether mature erythrocytes still contain Cx43 protein. Western blots of erythrocyte membranes did not show detectable levels of Cx43 (Fig. 8 ).
mediate release of ATP also with membrane depolarization (3). As an initial test for an involvement of pannexin 1 channels in ATP release from erythrocytes, we determined the effect of depolarization with high potassium. Fig. 2A shows that depolarization was slightly less effective in ATP release than osmotic stress. Carbenoxolone, a gap junction inhibitor, has been shown to close pannexin channels with higher efficiency than connexin channels (17) . Fig. 2B shows that the drug inhibits the osmotic stress-induced release of ATP from erythrocytes.
Uptake of Fluorescent Tracer Molecules.
For an independent verification that a gap junction-like channel is involved in ATP release, we tested the uptake of fluorescent tracer molecules by erythrocytes. Fig. 3 shows the uptake of carboxyfluorescein by erythrocytes depolarized by high K ϩ (K ϩ replacing Na ϩ in Krebs solution). All erythrocytes were fluorescent but with variable intensity. In comparison, control erythrocytes incubated with the dye dissolved in regular Krebs solution remained nonfluorescent, except for a few erythrocyte ghosts and debris ( Fig. 3 A and B). Dye uptake also was observed when erythrocytes were incubated in Krebs solution with low oxygen content ( Fig. 3 D and E). Quantitative analysis of dye uptake revealed significant uptake under conditions of ATP release (Fig. 3F) . Like ATP release, dye uptake by erythrocytes was attenuated by carbenoxolone (data not shown).
Pannexin 1-Like Channel Activity in Erythrocytes.
The single channel properties of pannexin 1 channels are known (3). To test whether erythrocytes exhibit pannexin 1 channel activity, we patchclamped the cells. Although a wide range of apertures of the patch pipettes was tested, no patch containing a single channel was obtained. Typically, a large amount of membrane slipped into the pipette upon application of suction to create the seal. Nevertheless, multichannel records were obtained from channels in erythrocyte membranes that shared properties with pannexin 1 channels (Fig. 4 and Table 1 ; see also Fig. 9 , which is published as supporting information on the PNAS web site). Large conductance channels were observed that fall in the conductance range of pannexin 1 channels (475pS in KGluconate). Like pannexin 1 channels, the large conductance channels in erythrocytes were mostly closed at negative holding potentials (Fig. 4A) and exhibited high activity when held at positive potential (Fig. 4B) . Application of salt gradients to membrane patches excised from erythrocytes and containing the large conductance channels resulted in reversal potentials as observed for pannexin 1 channels (3) (Fig. 4C) . Furthermore, the large conductance channels in erythrocytes could be activated by mechanical stress, like pannexin 1 channels (Fig. 4D) . The assignment of the large conductance channel activity in erythrocytes to pannexin 1 is not trivial because of the pannexin channels' preference for multiple subconductance states (3) (Fig. 9) . With multiple channels in the pipette, this problem is compounded. Therefore, only by the fulfillment of several criteria, including voltage dependence of activity, reversal potential, and mechanosensitivity, is it likely that the large conductance channels indeed reflect pannexin 1 activity.
Discussion
There is no evidence that erythrocytes form intercellular gap junction channels. Therefore, the expression of a gap junction protein in these corpuscles seems counterintuitive. The findings of ATP efflux from erythrocytes being affected by carbenoxolone, the uptake of tracer molecules under conditions of ATP release, and the pannexin channel's mechanosensitivity and high ATP permeability (3) suggest that pannexin 1 functions as an ATP release channel. Thus, a prime function of pannexins, rather than forming gap junctions redundant to those formed by connexins, may be to form a large, transient channel connecting the cytoplasm with the extracellular space. Because this channel is half of a gap junction channel, it is referred to as a ''hemichannel.'' Hemichannel function has been described also for some connexins under certain experimental conditions (18) (19) (20) (21) (22) . In particular, Cx43 has been implicated as an ATP release channel (9, 23, 24) , although calcium wave propagation was found to proceed in Cx43-deficient cells at normal rates (25, 26) . Similarly, erythrocytes release ATP in the absence of detectable Cx43 expression (Fig. 8) . Because of their gating properties, Cx43 channels are poor candidates for physiological ATP release channels. Channel activity that can unequivocally be attributed to Cx43 hemichannels has only been observed at membrane potentials in excess of ϩ50 mV (15) . Micromolar extracellular calcium concentrations may also open the channels (20) . In contrast, pannexin 1 channels can be opened at the resting membrane potential by mechanical stress or by micromolar cytoplasmic calcium (3, 13) . Furthermore, depolarization to potentials induced by high potassium is sufficient to open the channel (2) . These gating properties of pannexin 1 channels are consistent with a physiological function as an ATP release channel. Given that pharmacological responses of pannexin 1 channels are similar to those of connexin channels, it is quite probable that some functions formerly attributed to connexin hemichannels actually are exerted by pannexin 1.
Recently, it has been shown that P2X7 receptors are involved in the release of ATP from astrocytes in low divalent cation solution (27) . Human erythrocytes express several purinergic receptors, apparently also including the P2X7 receptor (28) . Uptake of carboxyfluorescein by erythrocytes was not stimulated by the P2X7 agonist BzATP, nor was the potassiuminduced uptake inhibited by the antagonist brilliant blue G (Fig.  10 , which is published as supporting information on the PNAS web site). Furthermore, ATP release and dye uptake by erythrocytes takes place at regular extracellular calcium concentration. Thus, P2X7 is unlikely to represent the release pathway for ATP from erythrocytes.
With such a high level of a gap junction protein expressed, the obvious question arises: Why are there no gap junctions between erythrocytes? There are at least two possible reasons. Most likely, the rich glycoprotein content of erythrocyte membranes represents a steric hindrance for the docking of hemichannels. The formation rate of gap junction channels is slowed by steric hindrance (29, 30) . In addition, pannexins may have low affinity for each other, making docking of hemichannels a rare event.
There is a precedent for low affinity of a gap junction protein.
Connexin 38 is inefficient in forming homotypic gap junction channels but readily forms heterotypic junctional channels with Cx43 (29) .
Connexins are typically recognized by their punctate appearance under the light microscope. We have not observed punctate staining of pannexin in any tissue analyzed so far. Although functional gap junction channels are formed by pannexin 1 in the paired oocyte system (2), one has to keep in mind that paired oocytes represent a forced system that may exaggerate weak tendencies. Thus, it remains to be determined whether pannexins form gap junction channels under physiological conditions.
The physiological stimuli for ATP release by erythrocytes are shear stress and low oxygen content (7, 12) . Extracellular ATP can induce further ATP release by means of P2Y receptors on the erythrocyte membrane (14) . This ATP-induced ATP release may also be mediated by pannexin 1 channels, because they can be activated by extracellular ATP when coexpressed with P2Y receptors (13) . ATP in blood vessels also interacts with P2Y receptors on endothelial cells, initiating a propagated calcium wave that ultimately leads to the release of nitric oxide onto vascular smooth muscle (31, 32) . Relaxation of the muscle leads to increased perfusion. Thus, ATP is a key factor in a local control loop of oxygen delivery (33, 34) . The role of pannexin 1 channels in this control loop may not be restricted to erythrocytes but may also extend to the calcium wave propagation in endothelial cells. The pannexin protein is expressed at high levels in these cells as determined immunohistochemically (Fig. 11 , which is published as supporting information on the PNAS web site). The expression levels are highest in the vasculature of heart and skeletal muscle, consistent with the prominence of the local perfusion control by ATP in these tissues. Fig. 5 illustrates how pannexin 1 channels could be involved in the local control of blood perfusion.
The observation that antibody 4512 interacted with the protein when applied extracellularly indicates that the epitope is located on the cell surface. As with connexins, hydrophobicity plots for the pannexin sequence suggest four transmembrane segments. The epitope recognized by the antibody would be part of the carboxyl-terminal portion of the first extracellular loop. Because antibody 4515 only reacted with sectioned cells, it can be assumed that the epitope recognized by this antibody has a cytoplasmic localization. These findings are consistent with an overall topology of pannexins similar to that of connexins.
Materials and Methods
Two anti-pannexin 1 antibodies were custom-made by Aves Labs in chickens and are directed against the sequences VQQKSS-LQSESGN (4512) and EKNSRQRLLNPS (4515). Secondary goat antibodies against chicken IgY coupled to horseradish peroxidase or fluorescein (Aves Labs) were used for Western Oxygen-deprived or shear-stressed erythrocytes release ATP, which binds to P2Y receptors on erythrocytes and on endothelial cells. In erythrocytes, activation of the receptor leads to further release of ATP through pannexin 1 channels (ATP-induced ATP release). In endothelial cells, binding of ATP to P2Y receptors or shear stress initiates a calcium wave by opening pannexin 1 channels. The wave propagates retrogradely and reaches the precapillary sphincter region. Endothelial NO synthase is activated, and NO released from the endothelial cell relaxes the smooth muscle. In arterioles, the smooth muscle would be covering all endothelial cells and could be relaxed by NO without the need of a propagated wave.
blots and immunohistochemistry, respectively. For detection of Cx43, a commercial Cx43 antibody (Zymed) was used.
Oocyte expression of pannexin 1 was performed as described in ref. 3 . Antibodies were applied either to intact oocytes after mechanical removal of the vitelline membrane or to cryosections of oocytes.
Human erythrocytes (G.D.'s) were washed three times in Krebs solution by low-speed centrifugation. Erythrocytes were suspended at 25% hematocrit, and aliquots of 100 l were used for experiments. ATP levels were determined in the supernatant of a 960 ϫ g spin with a luciferase assay (Promega). For determination of dye uptake, erythrocytes were incubated in Krebs solution containing 2 mM 5,6-carboxyfluoresceine for 10 min. Erythrocytes were viewed after five washes by epifluorescence in a microscope, and the images were digitally recorded. Low oxygen conditions were achieved by keeping the erythrocytes in a nitrogen atmosphere. For quantitative analysis, erythrocytes were pelleted after the washes and taken up in 200 l of distilled water for lysis. After centrifugation, 50 l of the supernatants was analyzed in a fluorometer. Data were normalized to the control condition (incubation in Krebs solution).
Human bone marrow cDNA was obtained from BioChain Institute (Hayward, CA). For PCR amplification, the primers gaggtatctgaaagcaccacttcaagtaccc and gaccactgctcttaatattctccagtacc were used. Human pannexin 1 (MRS1) was obtained from Graeme Bolger (University of Alabama, Birmingham, AL).
Patch clamp of erythrocytes was performed with borosilicate glass pipettes with 20-to 30-megaohm resistance. Currents through excised erythrocyte membrane patches were recorded with a WPC-100 amplifier (E.S.F. Electronic, Goettingen, Germany). Currents were filtered at 5 kHz, digitized by using a VR-10B digital data recorder, and stored on videotape. The recordings were transferred to a Power Macintosh computer (Apple) by using an ITC-18 computer interface (Instrutech, Mineola, NY) and analyzed. Acquisition and analysis were done with the ACQUIRE and TAC programs (both from Bruxton, Seattle). 
